The steady-state levels of mRNA produced by 14 genes encoding members of the tomtato chlorophyll a/b binding protein family were quantified. All genes were found to be expressed in leaf tissue, but the mRNAs accumulated to significantly different levels. The transcripts of cab 1 A, cab 1 B, cab 3A and cab 3 B, encoding the Type I LHC proteins of photosystem II, are abundant, while low levels were measured for mRNAs encoding the Type II LHC II and the LHC I proteins. Sequences from the 5' upstream regions (-400 to translational start) of some cab genes were determined in this study, and a total of 16 tomato cab gene promoters for which sequences are now available were analyzed. Significant sequence conservation was found for those genes which are tandemly linked on the chromosome. However, the level of sequence conservation is different for the different cab subfamilies, e.g. 85% similarity between cab 1 A and cab 1 D vs. 45% sequence similarity between cab 3A and cab 3C upstream sequences. Characteristic GATA repeats with a conserved spacing were found in 5' upstream sequences of cab 1 A-D, cab 3A-C, cab 11 and cab 12. The consensus sequence CCTTATCAT, which is believed to mediate light responsiveness, was found at different locations in the upstream sequences of cab 6B, cab 7, cab 8, cab 9, cab 10A, cab 10B and cab 11. In 11 out of 15 genes the transcription initiation site was found to center on the triplet TCA.
Introduction
The light energy used in the process of photosynthesis in the chloroplasts of plants is first captured in the macOffprint requests to: B. Piechulla romolecular structures known as Light Harvesting Complexes (LHCs). These complexes are found in the thylakoid membranes in close association with the 'core' complexes of PSI and PS II reaction centers. LHC I is associated with PS I, while LHC II and two other minor light harvesting complexes, known as CP24 and CP29, are associated with PS II . The chlorophyll molecules in these LHCs are bound to proteins known as chlorophyll a/b binding (CAB) polypeptides. Examination of the nucleotide sequences of the cab genes and the predicted amino acids of the encoded polypeptides revealed extensive sequence similarities, indicating that the CAB polypeptides of the various LHCs are structurally and evolutionary related to each other (Pichersky and Green 1990; Green et al. 1991) .
The cab genes have been classified into ten different types based on coding sequence similarities/divergences and intron positions Jansson and Gustafsson 1991) . The large number of genes encoding structurally and functionally related proteins raises several questions regarding the mechanism(s) which regulate the expression of these genes. Many previous reports have dealt with the expression pattern of a single type of cab genes, the one encoding the LHC II Type I CAB polypeptide (Pichersky et al. 1985; Piechulla and Gruissem 1987; Castresana et al. 1987) , and a few other reports have presented the expression characteristics of one other type of cab genes (Stayton et al. 1986; Pichersky et al. 1987b; Pichersky et al. 1989) . These reports have indicated that the cab genes examined were under the control of exogenous and endogenous stimuli (organ-and tissue-specificity, circadian rhythmicity, developmental control, light control) (Piechulla and Gruissem 1987; Kuhlemeier etal. 1987; Kellmann etal. 1990) .
We have isolated and characterized cab genes of eight different types from the diploid dicot species Lycopersicon esculentum (tomato). This collection of genes constitutes the largest set of cab genes available from any plant species and represents an almost complete set of the cab genes in the plant genome. The availability of these genes and their sequences has allowed us to investigate the specific mode of expression of each type of cab gene and the expression characteristics of particular individual genes, and to examine whether the entire set of cab genes is coordinately expressed.
Materials and methods
Determination of steady-state m R N A levels. R N A was isolated from leaves of 50-day-old tomato plants (Lycopersicon esculentum Mill. V F N T LA 1221 ; grown in the greenhouse at the University of G6ttingen), harvested at 1:30 PM on July 25, 1990 (sunrise 4:35 AM, sunset 8:21 PM), according to the method described elsewhere (Kellmann et al. 1990 ). To determine the steady-state m R N A levels corresponding to products of individual cab genes, specific oligonucleotides were used for primer extension analysis. The oligonucleotides were labeled at the 5' end and specific activity was determined by Cerenkov counting by spotting aliquots on Nylon membranes. A total of 40 gg of isolated R N A was combined with 0.2 pmol oligonucleotide, coprecipitated, resuspended in 10 gl of annealing buffer, and incubated for 5 min at 80 ° C. Annealing conditions were optimized by variation of the KC1 concentrations and the hybridization temperatures. The conditions were 30 ° C, 1000 m M KC1 for the cab 1A, cab I B, cab 1C, cab 1D, cab 3 A, cab 3C , and cab 8 primers; 40 ° C, 500 m M KC1 for the cab 9 primer; 40 ° C, 750 mM KC1 for the cab 3B, cab 6, and cab 7 primers, and 40 ° C, 1000 m M KC1 for the cab 4 and cab 5 primers. The M M L V reverse transcriptase (Gibco-BRL, Eggenstein, Germany) was used for the synthesis of the primer-extended ssDNA fragments, which were analyzed on 8-10% polyacrylamide/urea sequencing gels. Relative levels of the individual cab mRNAs were determined by cutting out the respective Sequence comparison. Sequence comparison was performed using the sequence alignment method of Needleman and Wunsch (1970) implemented in the U W G C G sequence analysis software package (Devereux et al. 1984) and visual inspection. Calculations of similarities (Table 1) are based on the alignment presented in Figs. 3 A, 5 and 6; deletions were set as zero.
Determination of transcription initiation sites. Determination of transcription start sites was performed by the primer extension technique as described elsewhere (Kellmann et al. 1990 ) and by the $1 nuclease method (Sambrook et al. 1989) . In some cases c D N A sequences were available which are compatible with the results of the two methods mentioned.
Results

Determination of m R N A levels of tomato cab genes
For exact quantification of the inidividual steady-state m R N A levels of the cab genes by the primer extension method, several precautions had to be taken. First, specific oligonucleotide primers were used which give rise to only one ssDNA fragment on extension (Fig. 1 A) . To achieve this, the annealing and primer extension conditions were optimized for each RNA/oligonucleotide combination. Based on the known positions of the primers (cab 1 A, cab 1 B, cab 1 C, cab 1 D, cab 3 A, cab 3B, cab 3 C, cab 7 oligonucleotides were complementary to sequences 5' upstream of the translational start point, while for cab 4, cab 5, cab 6B, cab 8 and cab 9 the oligonucleotides were situated within 100 nucleotides downstream of the initiating A T G codon, within the sequence encoding the transit peptide), the lengths of the resulting primer-extended fragments were examined and verified either by S 1 nuclease analysis or by comparison with a full-length c D N A clone sequence. Primers complementary to different positions in the D N A of a given cab gene should give rise to different ssDNA fragments but the signal intensity should remain the same. However, two pairs of oligonucleotides, one pair for cab 1 C and one for cab 3A, revealed D N A fragments of different intensities. The determination of the expression levels ( Fig. 1 B) was based on the strongest signal; we hypothesize that in the case of the weaker signal, secondary or tertiary structure of the m R N A may have prevented complete binding of the primer. Using this methodology, we determined the steadystate m R N A levels for 14 genes (Fig. 1 B) . This analysis revealed that all genes included in this survey are expressed in tomato leaves, however the levels were significantly different. The most abundant transcripts corresponded to the cab 3 B and cab 1 B genes, accounting for respectively 28.4% and 20% of the total cab mRNAs. This level of expression is followed by cab l A (10.6%) and cab 3A (12.7%). The mRNAs of each of the residual cab genes analyzed accumulate to approximately 5% or less.
Transcription initiation sites
The primer extension method was also used to identify the transcription start site for each member of the tomato cab gene family. In the case of cab 1 A, cab 1 B, cab 1 C, cab 3 B, and cab 3 C the transcription initiation site was also verified by $1 nuclease digestion experiments, while sequences of cDNA clones confirm the correct start point for cab 4, cab 6B, cab 7, cab 8, and cab 11. The transcription start sites of almost all tomato cab genes examined were localized 22 to 28 nucleotides downstream of the putative TATA box. Exceptions to the rule are cab 6B and cab 11, where this region is 37 or 19 nucleotides long, respectively. The distances between the transcriptional and translational start sites vary between 37 and 80 nucleotides (Fig. 2) . A comparison of the 5' ends of the different cab mRNAs is presented in Fig. 3 A. In seven cases the first nucleotide of the cab m R N A was determined to be T, in four cases a C and in three cases an A. In 11 instances, the sequence centered around the 5' ends is TCA. The quantitative distribution of the nucleotides around the putative 5' end of the different tomato cab mRNAs ( Fig. 3 B) strongly suggests that the first three nucleotides are indeed TCA, downstream of the TCA triplet, there is less evidence that particular nucleotides are favoured in particular positions.
To determine whether this common transcription initiation site of the tomato cab gene family is also present in cab gene sequences of other plant species, we surveyed all cab sequences presently compiled in the EMBL database and have indicated the transcription start sites based on published data (Fig. 3 C) . We also compared the transcription initiaton sites for members of large gene families from species other than tomato. A TCA motif located at or close to the transcription initiation site was detected for the Arabidopsis thaliana cab 2 and cab 3 genes (Leutwiler etal. 1986; Karlin-Neumann et al. 1988; Mitra et al. 1989) , Glycine max cab 5 (Walling et al. 1988; Demmin et al. 1989) , Nicotianaplumbaginifolia cab E (Castresana et al. 1987; Castresana et al. 1988) , Zea mays cab 1 (Sullivan et al. 1989) , Pisum sat# rum cab 805 and cab 80 (Cashmore 1984; Simpson et al. 1985) , and Petunia hybrida cab 22R gene (Dunsmuir 1985; Stayton et al. 1986; Gidoni et al. 1989) . In cases where the transcription start sites were not published (Hordeum vulgare cab 2, Chitnis et al. 1988; Lemna gibba cab 19A and cab 30, Karlin-Neumann et al. 1985; Kohorn et al. 1986 -160 -140 -120 
5' upstream sequences of tomato cab genes
We have determined the nucleotide sequence in the promoter region of most of the genes under investigation for which these sequences were not previously available (Fig. 4) . These include the seven genes in the two clusters of genes in loci cab 1 and cab 3. Short upstream sequences were previously reported for most of these genes (Pichersky et al. 1985) , but reexamination of these regions revealed errors; thus, the promoter sequences published here for cab 1 and cab 3 genes replace the previously reported ones when they differ. Figure 4 also shows the promoter sequences of cab 1 B and cab 3 C (Pichersky et al. 1985) , cab 4 (Pichersky et al. 1987a) , cab 6B (Pichersky et al. 1987b) , cab 7 (Pichersky et al. 1988) , cab 8 (Pichersky et al. 1989) , cab 9 , cab 10A and cab 10B (Schwartz and Pichersky 1990) , cab 11 and cab J2 (Schwartz et al. 1991) .
Best fit alignment of 5' upstream sequences
Visual inspection of the aligned 5' upstream sequences in Fig. 4 does not reveal substantial sequence similarities between the cab genes. However, using the sequence comparison program for a best fit alignment of cab 1 A, cab 1B, cab 1C and cab 1D or cab 3A, cab 3B and cab 3C or cab 10A and cab 10B significant similarities are revealed (Fig. 5) . The sequence identity within the cab 1 subfamily is 76% to 85% (Table 1 ). In the case of the cab 3 subfamily, the similarity between cab 3 A and cab 3B was calculated to be 46%, while cab 3B and cab 3C are even more similar (64%). Analysis of the nucleotide sequences of cab 10A and cab 10B revealed 71% similarity. These data demonstrate that i) the promoter regions of the genes which are in close proximity on the same chromosome of the tomato genome are more similar to each other than to promoters of genes unlinked to them; and ii) for each gene class, the sequences of the promoter regions are less similar than the sequences encoding the transit and mature proteins (Table 1) . A computer analysis of the promoter sequences of TAATCCCTAT  ACTTGATAAG  TTAATCCCTA  TCCCTATATA  AACCAACCAT  AGATATTCAT  GGGCCTGTTG  AAACTCCCTC  TCTTCTATCC  CCCTTATTTG  TTTAAGCTAG  TATAAACTTA  TACTATTTGC  ATGGCAATAC  TAATTCACAA   +I  ATAAATC T' G"-I  AACACAA TGI  AACACAA TGI  AAACACC TGI  TTAAACC TGI  GTTCATA TGI  TTCTATA TGI  AAAAAAA  AGAAGAT  TGCCGAC  AGAAATT  GCTACAA  AACAAAC  AATAAAC  GGAAAAA  CTATAAA   translational   TG[  TGI  ,TGI  TGI  ,TGI  ,T 
G i ,T G I fiG]
the single cab genes which are localized on either separate loci on the same chromosome such as cab 7 and cab 8, or on different chromosomes such as cab 9, cab 11 and cab 12, does not reveal significant similarities (data not shown). Unfortunately no sequences upstream of the transcription start site are available for the single genes cab 4 and cab 5. The comparison of cab 11 and cab 12 promoter sequences revealed an interesting feature: although the two genes are located on different chromosomes, chromosomes 3 and 6 respectively, 81% sequence similarity was identified between positions -175 to -311 of cab 11 and positons -87 to -206 of cab 12 (Figs. 2 and 5) .
Search for known elements of light-regulated plant gene promoters
We have searched the cab gene promoters for several sequence motifs previously identified in several light-re- (Figs. 2 and 6 ). In the case of the cab I subfamily one G A T A motif was found upstream (IV), while three (I-III) were located downstream of the putative C C A A T box. The cab 3B and cab 3 C upstream sequences lack G A T A box IV, and box I is not present in cab 11 and cab 12 upstream sequences. Using the G A T A motif with the surrounding sequences as a basis for calculations of sequence similarities (Fig. 6) , the sequences of the cab 1 gene cluster are 76% to 86% similar to each other, while the cab 3 gene cluster are 43% to 64%, and cab 11 and cab 12 are 70% identical (Table 1).
The consensus sequence C C T T A T C A T was predicted to be a feature of all light-regulated genes (Grob and St/iber 1987). It should be noted that this sequence contains within it the sequence complementary to GATA. Fig. 6 . GATA repeats. The GATA motif and surrounding sequences of cab 1, cab 3, cab 11 and cab 12 were aligned. The putative CCAAT box and the GATA repeats are indicated. GATA boxes are numbered as proposed by Gidoni et al. (1989) positions of sequence identity at different locations in the 5' upstream sequences of the tomato cab genes (Fig. 2) . The latter matrix, containing a GATA sequence, was found 16 times and the majority of these is present in GATA repeat motifs. Sequences homologous to CCTTATCAT were detected in the 5' upstream sequences of cab 6B, cab 7, cab 8, cab 9, cab 10A, and cab 11. Our analysis shows that the 5' upstream sequences of the tomato cab genes either contain the GATA motif or the light-responsive element CCTTAT-CAT, consistent with the observation that one sequence is the complement of the other. However, exceptions to this rule are encountered in cab 6B, where both elements are not found, and in the cab 11 promoter, where both motifs are present.
A computer search using the motifs C C T T A T C A T and A T G A T A A G G , allowing 2 mismatches, uncovered 29
Discussion
Expression levels and patterns
The expression of cab genes encoding the Type I polypeptide of LHC II has been extensively investigated in several species with respect to light-dependence, developmental control and/or organ specificity. It was found that the Type I LHC II cab mRNAs in all plants investigated so far accumulate in green tissue and after illumination (with the exception of gymnosperms, where cab mRNAs accumulation is observed in the dark [Jannson and Gustafsson 1990; Alosi et al. 1990] The fact that all the cab genes are expressed in leaf tissue strongly suggests that all types of CAB polypeptides are required for efficient light harvesting. Consistent with this hypothesis is the finding by Ikeuchi et al. (1991) of all the PS I CAB proteins in both pea and spinach thylakoid membranes. The reason for the presence of multiple copies of genes encoding the same type of CAB polypeptide is less clear. For example, why should tomato have seven or more genes encoding the PS II Type I CAB polypeptide, and why are all of these genes not expressed at the same level?
Transcription initiation site
Our determination of transcription initiation sites revealed that most such sites included the sequence TCA (Fig. 3A) . In some other plant species, the same sequence was found to be present at or close to the transcription start point of cab genes (Fig. 3 C) . While our results lead us to propose the tomato cab mRNAs start with a T, Joshi (1987) indicated the A of the sequence TCACC as the first nucleotide of cab genes from Pisum sativum, Petunia hybrida and Arabidopsis thaliana. A generalization about the significance of the transcription initiation site of a gene in the cab gene family is presently not possible, since the determination of the transcription initiation site by both primer extension and $1 nuclease techniques is somewhat uncertain (+_ 1 nucleotide), and also because in many published cab sequences of various plant species information about the 5' nucleotide of the mRNA is lacking. However, it has been noted that the nucleotides CA often appear at the transcription initiation site of other plant genes as well, such as cereal storage proteins, dicot storage proteins, leghemoglobin and nodulins, enzymes, actin and lectins (Joshi 1987) , and the sequence CAA was frequently found in the cases of ribulose-l,5-bisphosphate carboxylase small subunit genes .
Comparisons of promoter sequences of different cab genes
A search for characteristic sequence motifs in the 5' upstream regions of each tomato cab gene, extending up to 400 nucleotides upstream of the translation start point was carried out. A summary of sequence motifs found is presented in Fig. 2 . In tomato the GATA repeat motif was found in upstream sequences of the cab genes in the cab 1 and cab 3 loci, and in the promoters of cab 7, cab 11 and cab 12. Four GATA repeats were found in the 5' upstream sequences of the cab 1 subfamily and in cab 3A; cab 3B, cab 3C, cab 11 and cab 12 contain three repeats, cab 7 promoter has two boxes, and in the cab 6 B, cab 8 and cab 9 upstream regions no GATA motif is present. Three GATA repeats have been described for each of several other photoregulated genes from various plant species (Castresana et al. 1987; Grob and Stfiber 1987; Gidoni et al. 1989) , and two were identified in the promoter region of the 35S gene of cauliflower mosaic virus (CaMV) (Lain and Chua 1989) . A binding factor, GA-1, was found to bind at the GATA motif of the cab E gene of tobacco (Schindler and Cashmore 1990 ) and the ASF-2 factor interacts with the GATA-containing as-2 site of the CaMV 35S promoter (Lain and Chua 1989) .
The lack of the GATA repeats in the 5' upstream sequences of some of the tomato cab genes correlates with the presence of a CCTTATCAT sequence (L-motif, Grob and Stiiber 1987) . This sequence was proposed to be located directly upstream of the TATA box in all known light-responsive genes (Grob and Stiiber 1987) . A computer search using this sequence as a matrix identified this sequence at various positions in the tomato cab 1D, cab 6B, cab 7, cab 8, cab 9, cab 10A, cab 10 B, and cab 11 5' upstream sequences (Fig. 2) ; however, conservation of spacing or location was not apparent. It should be noted that within the L-motif the nucleotide sequence GATA is present on the complementary strand. This analysis supports the idea that either GATA repeats and/or L-motifs are present in the 5' upstream sequences of light-dependent, phytochrome-regulated plant genes, including the tomato cab genes.
The analysis of the 5' upstream sequences of the tomato cab gene family also indicated that the promoters of genes which are tandemly linked share extensive sequence similarity. This observation suggests that during the process of gene duplication not only coding sequences but also significant stretches of flanking regions are duplicated. Alternatively, gene conversion events must have involved flanking as well as coding regions. Additionally, this analysis demonstrates clearly that the overall sequence similarity of the 5' upstream sequences as well as the absence/presence of specific motifs and repeats does not necessarily imply similar expression levels. However, it should be noted that the L-motif, or the GATA motif are present in the 5' upstream sequences of all light-responsive tomato cab genes. At present, we cannot exclude the possibility that additional sequences relevant for control of the expression levels are localized further upstream of position -400.
The study of the expression of individual members of this gene family in tomato has clearly indicated that all the cab genes are coordinately expressed. However, the exact mechanisms by which such coordinated expression is achieved are not yet understood. Our sequence comparisons indicate that neither overall sequence similarity nor presence or absence of specific nucleotide motifs is strongly correlated with the levels and pattern of gene expression.
